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HIGHLIGHTS 


►  New  nanocomposites  based  on  P3HT,  C6o  and  gold  nanoparticles  were  synthesized. 

►  Functionalized  C6o  was  covalently  linked  to  P3HT  chains. 

►  The  presence  of  C60  affects  the  size  and  the  concentration  of  gold  nanoparticles. 

►  The  nanocomposites  were  applied  as  sensitizers  or  co-sensitizers  in  solar  cells. 

►  Using  ternary-based  nanocomposites  enhanced  the  photocurrent  of  devices. 
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Functionalized  C6o  was  reacted  with  3-hexylthiophene  in  the  presence  of  FeCl3  to  produce  a  copolymer 
(P3F1T-C6o)  containing  3-hexylthiophene  units  as  the  main  chain,  with  C6o  side  groups.  Gold  nano¬ 
particles  (AuNPs)  were  synthesized  in  the  presence  of  poly(3-hexylthiophene)  (P3HT),  or  P3HT-C60 
copolymer,  using  a  two-phase,  one— pot  reaction  involving  the  reduction  of  HAuCLj  by  NaBH4.  This 
approach  resulted  in  the  formation  of  nanocomposites  where  AuNPs  are  directly  stabilized  with  P3HT  or 
P3HT-C60.  All  the  materials  were  characterized  using  UV— vis  absorption  and  fluorescence  spectroscopy, 
X-ray  diffraction  and  high-resolution  transmission  electron  microscopy,  and  were  applied  as  sensitizers 
or  co-sensitizers  in  dye-sensitized  solar  cells.  The  synergistic  effect  in  the  ternary  component  nano¬ 
composite  introduced  by  the  presence  of  C6o  and  AuNPs  resulted  in  devices  with  higher  photocurrents 
compared  to  standard  devices. 

©  2012  Elsevier  B.V.  Open  access  under  the  Elsevier  OA  license. 


1.  Introduction 

The  use  of  electron-accepting  fullerenes,  in  combination  with  7t- 
conjugated  systems  as  electron  donors,  offers  several  attractive 
features.  In  particular,  fullerene  accelerates  charge  separation  and 
decelerates  charge  recombination,  compared  to  two-dimensional, 
planar  electron  acceptors  [1],  This  is  beneficial  for  stabilizing  the 
charge-separated  state  in  C6o-based  materials,  as  required  in  arti¬ 
ficial  electron  transfer  systems  [2,3], 

In  solar  cells,  conjugated  polymers  containing  thiophene  rings, 
such  as  poly(3-hexylthiophene)  (P3HT),  play  a  crucial  role  as 
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electron  donors  and  in  charge  transport  [4—6],  The  design  of 
conjugated  polymers  covalently  linked  to  C60  has  thus  received 
increasing  attention  in  the  past  few  years  due  to  their  potential  for 
photoelectronic  applications  [7-18],  These  systems  have  been 
designed  to  achieve  efficient  intramolecular  energy/charge  trans¬ 
fer.  In  addition,  the  particular  problem  of  phase  segregation  in  bi¬ 
component  composite  materials  used  in  such  devices  is  thought 
to  be  minimized. 

The  addition  of  metal  nanoparticles  to  solar  cells  is  also  an 
elegant  way  to  improve  the  efficiency  of  these  devices,  through 
exploration  of  the  plasmon  resonance  effect.  In  organic  solar  cells 
(OSC),  the  incorporation  of  metal  nanoparticles,  such  as  gold,  as 
buffer  layers  is  perhaps  the  most  used  approach  [19—23].  However, 
advantage  may  also  be  taken  from  the  incorporation  of  these 
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nanoparticles  into  the  bulk  heterojunction  [24—27],  In  this  case, 
gold  nanoparticles  (AuNPs)  may  be  used  in  combination  with  P3HT 
and/or  PCBM  ([6,6]-phenyl-C6i-butyric  acid  methyl  ester).  Nano¬ 
particles  have  increased  the  photoluminescence  when  combined 
with  P3HT.  This  was  explained  by  polymer  chain  separation 
induced  by  the  presence  of  the  nanoparticles  [28],  P3HT  can  also 
bind  to  Au,  leading  to  direct  electron  transfer  from  the  polymer  to 
the  nanoparticles.  Electron  transfer  from  metal  to  C6o  has  also  been 
reported  [29-31  ]. 

In  most  cases,  polymer,  AuNPs  and  fullerene  are  typically  mixed 
together  by  depositing  a  co-solution  of  all  materials.  Interestingly, 
only  a  few  papers  have  systematically  investigated  morphological 
changes  introduced  by  the  presence  of  metal  nanoparticles  in  the 
films.  In  an  earlier  work,  Conturbia  [32]  has  shown  that,  in  fact,  the 
morphology  of  the  P3HT  system  is  significantly  changed  upon 
incorporation  of  AuNPs.  The  results  suggested  that  the  morphologic 
changes  induced  by  incorporation  of  Au  may  act  in  the  way  of 
organization/crystallization  of  PCBM  and/or  P3HT,  and  that  this 
parameter  is  responsible  for  improving  or  decreasing  device  effi¬ 
ciency  [33]. 

In  dye-sensitized  solar  cells  (DSSCs),  P3HT  has  been  used  as 
sensitizer  and/or  as  hole  conductor,  in  combination  with  a  TiC>2 
nanoporous  electrode  [34—39],  while  AuNPs  have  been  shown  to 
cause  an  increase  in  the  photocurrent  related  to  the  plasmon  effect 
contribution  to  light  absorption/charge  separation  [40—42],  Cgo  and 
its  derivatives  can  also  be  incorporated  into  DSSCs:  C6o  clusters  can 
act  as  electron  shuttles,  which  effectively  regenerate  the  sensitizer 
but  at  the  same  time  minimize  direct  interaction  between  the 
excited  sensitizer  and  the  redox  couple  in  the  electrolyte  [43], 

In  this  paper,  we  report  a  simple  route  to  synthesize  ternary 
component-based  nanocomposites.  Initially,  the  functionalization  of 
C6o  using  azomethine  ylides  (Prato’s  reaction)  was  carried  out,  fol¬ 
lowed  by  a  polymerization  reaction  to  covalently  link  C60  to  P3HT. 
The  resulting  copolymer,  containing  P3HT  segments  as  main  chain 
and  Q50  moieties  as  side  chains,  was  impregnated  with  AuNPs, 
resulting  in  formation  of  a  ternary  component-based  nano¬ 
composite.  The  optical,  structural  and  thermal  properties  of  these 
nanocomposites  were  investigated  and  compared  to  those  of  a  P3HT- 
Q50  copolymer  and  pristine  P3HT  impregnated  with  AuNPs.  All  the 
materials  were  applied  in  DSSCs  as  sensitizers  or  co-sensitizers. 

2.  Experimental 

2.1.  Functionalization  of  Cm 

Functionalization  of  C60  was  achieved  using  the  procedure 
developed  by  Prato  and  collaborators  [44],  C60  (0.50  g,  0.69  mmol) 
was  added  to  pre-dried  toluene  ( ~  75  mL).  The  mixture  was  heated 
to  115  °C  to  dissolve  all  the  C60  and  3-thiophenecarboxaldehyde 
(0.077  g,  0.69  mmol)  was  added  to  the  toluene  solution.  N-meth- 
ylglycine  (0.13  g,  1.426  mmol)  was  then  added  to  the  reaction 
mixture  in  small  portions  over  5  days  (about  25  mg  per  24  h).  The 
reaction  mixture  was  left  under  reflux  and  continuous  stirring  for 
five  days.  The  purple  color  of  the  solution  slowly  changed  to  brown. 
The  solvent  was  removed  under  reduced  pressure  to  afford  a  brown 
solid,  which  was  purified  using  column  chromatography  (SiCh, 
toluene,  then  1%  DMF  in  toluene)  and  dried  under  vacuum  for  48  h 
to  afford  f-C60  (0.49  g,  83%  based  on  C60).  m/z:  2.6%,  860  [M+l], 
FTIR:  2992-2720,  696,  526  cm'1.  CHN:  C60  (C  99.32%,  H  0.05%,  N 
0.11%);  f-Ceo  (C  90.59%,  H  1.67%,  N  1.76%). 

2.2.  Synthesis  of  P3HT 

Synthesis  of  P3HT  was  obtained  by  a  simple  route,  using  FeCl3  as 
catalyst  [45].  FeCl3  (2.0  g)  was  added  to  dry  chloroform  (~12  mL) 


and  stirred  for  10  min.  3-hexylthiophene  (0.50  g,  3  mmol)  in  dry 
chloroform  ( ~  12  mL)  was  then  added  drop-wise  and  the  reaction 
mixture  was  stirred  overnight  under  Ar.  The  polymerization  reac¬ 
tion  was  terminated  by  pouring  the  reaction  mixture  into  excess 
methanol  (~30  mL).  The  crude  polymer  precipitate  was  filtered 
using  a  PTFE  membrane  filter  (1  pm,  Millipore)  and  washed  with 
ethanol,  1:1  v/v  distilled  water:  acetone  mixture,  and  finally  with 
acetone.  The  dark  brown  solid  product  was  dried  under  vacuum  for 
48  h  to  afford  P3HT  (0.45  g,  90%). 

2.3.  Synthesis  of  P3HT-Cso  copolymer 

The  synthesis  of  P3HT-C60  copolymer  was  performed  according 
to  the  method  reported  by  Mamo  et  al.  [46,47],  FeCl3  (2.0  g)  was 
added  to  dry  dichloromethane  ( —  25  mL)  and  stirred  under  argon 
for  about  15  min.  A  mixture  of  3-hexylthiophene  (0.5  g,  2.97  mmol) 
and  f-C6o  (5.1  mg,  0.0059  mmol)  in  the  molar  ratio  500:1  was 
dissolved  in  dry  dichloromethane  ( ~  10  mL)  and  added  to  the  FeCl3 
mixture  drop-wise  over  25  min.  The  reaction  mixture  was  stirred 
overnight.  Methanol  ( ~  50  mL)  was  added  and  the  precipitate  was 
filtered  using  a  PTFE  membrane  filter  (1  pm,  Millipore)  and  washed 
with  ethanol,  1:1  (v/v)  distilled  water:  acetone  mixture,  and  finally 
with  acetone.  The  brown  solid  was  dried  under  reduced  pressure 
for  48  h  to  afford  P3HT-C60  (0.28  g,  57%  based  on  3- 
hexylthiophene). 

2.4.  Synthesis  of  P3HT-  and  P3HT-C6o-capped  AuNPs 

Synthesis  of  P3HT-capped  AuNPs  and  P3HT-C6o-capped  AuNPs 
(P3HT-C6o-Au  nanocomposite)  were  achieved  using  an  adaptation 
of  the  procedure  reported  by  Zhai  and  McCullough  [48],  Tetraoc- 
tylammonium  bromide  (0.27  g,  0.5  mmol)  was  added  to  8  mL  of 
toluene  in  a  25  mL  round  bottom  flask  and  stirred  until  dissolved. 
Then,  an  aqueous  solution  of  HAuCU  (3  mL,  0.1  mmol)  was  added 
and  the  two-phase  mixture  was  stirred  vigorously  until  all  the 
tetrachloroaurate  was  transferred  into  the  organic  layer.  This  was 
determined  by  observing  a  color  change  of  the  aqueous  phase  from 
yellow  to  colorless.  P3HT  or  P3HT-C6o  (15  mg)  was  dissolved  in  3  mL 
of  toluene  and  added  to  the  mixture.  The  mixture  was  stirred  for 
3  h.  A  freshly  prepared  aqueous  solution  of  sodium  borohydride 
(2.5  mL,  10  mmol)  was  added  slowly  to  the  mixture  with  vigorous 
stirring.  The  mixture  was  stirred  overnight  before  quenching  in 
methanol.  Purification  was  obtained  by  filtering  the  resulting 
mixture  with  a  PTFE  membrane  filter  (0.45  pm,  Millipore)  and 
washing  with  methanol  and  water,  to  afford  P3HT-AU  or  P3HT-C60- 
Au  nanocomposites. 

2.5.  Material  characterizations 

The  optical  characteristics  of  chloroform  solutions  (1  mg  mL-1) 
of  P3HT,  P3HT-C60,  P3HT-Au  and  P3HT-C60-Au  were  obtained. 
UV-vis  spectra  were  recorded  on  a  Hewlett-Packard  8453  diode 
array  spectrophotometer  and  fluorescence  spectra  were  measured 
with  an  ISS  PC1TM  Photon  Counting  Spectrofluorometer,  operating 
at  room  temperature  (excitation  =  430  nm).  Powder  X-ray 
diffraction  (XRD)  data  were  obtained  using  a  Shimadzu  XRD  7000 
diffractometer  with  CuKa,  40  kV,  30  mA  and  2°  min'1  scanning 
rate,  over  the  range  2—80°.  Thermogravimetric  analysis  (TGA)  was 
performed  using  a  Thermogravimetric  Analyser  2950  from  TA 
Instruments.  All  measurements  were  done  under  a  continuous 
argon  flow  of  100  mL  min'1,  heating  from  room  temperature  to 
900  °C  at  a  heating  rate  of  10  °C  min'1.  High-resolution  trans¬ 
mission  electron  microscopy  (HRTEM)  images  were  acquired  in  an 
HRTEM-JEM  3010  URP  operating  at  300  kV  with  resolution  of 
0.17  nm.  The  samples  were  prepared  by  casting  one  drop  of 
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a  dispersion  of  materials  in  chloroform  onto  a  copper  grid  (300 
mesh)  pre-covered  with  a  thin  holey  carbon  layer.  Molar  mass 
determinations  were  made  by  gel  permeation  chromatography 
(GPC)  at  a  flow  rate  of  1  mL  min  1  in  chloroform  on  a  Shimadzu 
Class-LCIO  HPLC  equipped  with  three  Supelco  Progel  columns 
(G5000  +  G4000  +  G3000).  The  molar  mass  is  reported  relative  to 
narrow  dispersity  polystyrene  standards  (2500,  5000,  17  500, 
30  000,  50  000,  95  800  and  184  200).  Only  the  fraction  of  the 
material  that  was  fully  dispersed  in  chloroform  and  could  be 
filtered  though  a  PTFE  membrane  filter  (0.45  pm,  Millipore)  was 
analyzed  using  this  technique. 

2.6.  Solar  cell  assembly 

A  typical  assembly  procedure  for  a  “standard”  DSSC  device  was 
carried  out  as  follows:  a  Ti02  nanoporous  film  was  prepared  by 
spreading  a  small  aliquot  of  a  commercial  colloidal  suspension  (Ti- 
Nanoxide  T,  Solaronix)  onto  an  FTO  (fluorine  doped  tin  oxide)  glass 
substrate  (Hartford  Glass  Co.,  8-12Q).  The  film  was  heated  to 
450  °C  for  30  min,  generating  a  layer  of  ~4  pm  thickness  as 
measured  with  a  Taylor  Hobson  precision  Formtalysurf  50.  The 
electrodes  were  immersed  in  a  1  x  10”4  mol  L  1  solution  of  the 
sensitizer  cis-diisothiocyanato-bis(2,2'-bipyridyl-4,4'-dicarbox- 
ylato)ruthenium(II)  bis(tetrabutylammonium)(N719,  Solaronix)  in 
ethanol  for  20  h  at  room  temperature.  Afterwards,  the  electrodes 
were  washed  with  ethanol  and  dried  in  air.  The  liquid  electrolyte 
was  prepared  from  Lil  (0.10  mol  L1),  I2  (0.05  mol  L”1),  tetrabuty- 
lammonium  iodide  (0.80  mol  L”1)  and  4-tertbutylpyridine 
(0.50  mol  L”1)  in  an  acetonitrile:3-methoxypropionitrile  (1:1  (v/ 
v))  mixture.  The  counter-electrode  consisted  of  a  Pt  film  deposited 
by  sputtering  on  top  of  an  FTO-glass  substrate. 

Devices  using  the  materials  synthesized  in  this  work  were 
obtained  by  a  similar  assembly  procedure.  First,  P3HT,  P3HT-C60, 
P3HT-Au  or  P3HT-C6o-Au  were  used  as  sensitizers  (in  substitution 
of  the  N719  dye)  by  casting  20  pL  of  a  1  mg  mL-1  toluene  solution  of 
the  materials  on  top  of  the  Ti02  film,  prior  to  electrolyte  deposition. 
Alternatively,  these  materials  were  used  as  co-sensitizers  in  the 
devices.  In  this  case,  20  pL  of  a  1  mg  mL  1  toluene  solution  of  the 
materials  were  deposited  on  top  of  the  Ti02  film  previously  sensi¬ 
tized  with  N719  dye.  All  the  devices  were  assembled  with  0.15  cm2 
of  active  area. 

J—V  curves  were  obtained  under  standard  AM  1.5  conditions 
using  a  150  W  Xe  lamp  as  light  source  and  appropriate  filters.  The 
polychromatic  light  intensity  (100  mW  cm-2)  at  the  electrode 
position  was  measured  with  a  silicon  photodiode  from  Newport 
Optical  Power  Meter,  model  1830-C. 

3.  Results  and  discussion 

3.1.  Material  properties 

Scheme  1  shows  the  synthetic  route  used  to  obtain  nano¬ 
composites  based  on  P3HT,  C6o  and  AuNPs.  Initially,  functionaliza¬ 
tion  of  C6o  was  carried  out  via  the  Prato  reaction:  3- 
thiophenecarboxyaldehyde  and  N-methylglycine  react  to  form 
azomethine  ylides  at  high  temperatures,  which  react  via  a  1,3- 
dipolar  cycloaddtion  with  C60-  Functionalized  C6o  (f-Cro)  was  then 
reacted  with  3-hexylthiophene  using  FeCb  as  catalyst,  resulting  in 
a  copolymer  containing  poly(3-hexylthiophene)  as  the  main  chain, 
with  C6o  moieties  as  side  groups  (P3HT-C6o). 

One  advantage  of  this  method  is  that  C60  is  functionalized  and 
separated  from  un-reacted  C6o  before  the  polymerization  step. 
Other  authors  have  successfully  used  the  Prato  reaction  to 
synthesize  copolymers  containing  P3HT  main-chains  with  methy- 
fulleropyrrolidine  as  end  groups  [12],  In  that  case,  the  in  situ 


generation  of  the  macromolecular  azomethine  ylide  intermediate 
induced  the  coupling  of  the  polymer  chains,  which  increased  the 
molar  mass  and  polydispersivity  measured  with  GPC  against 
polystyrene  standards,  but  lowered  the  content  of  C60  loaded  into 
the  sample  [12],  In  this  work,  the  3-hexylthiophene:C6o  ratio  used 
in  the  polymerization  was  500:1.  Larger  amounts  of  C6o  were  found 
to  result  in  polymers  with  low  solubility  in  common  organic 
solvents.  A  common  approach  used  to  enhance  the  solubility  in  C6o- 
containing  materials  is  the  synthesis  of  rod-coil  triblock  copoly¬ 
mers,  where  a  coil  block  made  of  polystyrene,  for  example,  is  placed 
between  the  P3HT  and  the  C6o-containing  blocks  to  increase  the 
solubility  of  the  copolymer  and  to  act  as  a  spacer  [11],  The  non- 
conjugated  spacer  block  reduces  the  chance  of  interchain  recom¬ 
bination  of  free  holes  and  electrons,  but,  at  the  same  time,  it  can 
damage  the  charge  carrier  transport  since  it  is  mainly  composed  of 
insulating  moieties.  In  this  work,  as  we  aim  at  applications  in 
excitonic  solar  cells,  charge  transport  is  a  key  parameter. 

In  parallel,  poly(3-hexylthiophene)  stabilized  gold  nanoparticles 
(P3HT-Au)  were  synthesized  using  the  method  reported  by  Zhai 
and  McCullough  [48],  This  consisted  of  a  room  temperature,  two- 
phase,  one— pot  reaction  involving  the  reduction  of  HAuCU  by 
NaBH4  in  the  presence  of  the  polymer.  In  composites  synthesized 
this  way,  the  gold  nanoparticles  are  stabilized  by  the  interaction  of 
the  sulfur  atoms  of  the  polymer  with  the  gold  surface.  In  this  paper, 
a  new  ternary  component-based  nanocomposite  (P3HT— Cgo-Au), 
obtained  by  capping  AuNPs  with  P3HT-C60  copolymer,  was 
prepared  (Scheme  1). 

From  thermogravimetric  analysis  it  was  observed  that  all  the 
materials  have  thermal  stability  up  to  300  °C  under  inert  atmo¬ 
spheres,  which  is  adequate  for  application  in  solar  cells.  The 
concentration  of  C6o  in  the  copolymer  was  estimated  to  be  ~ 
2  ±  1  wt%,  as  calculated  by  the  difference  from  the  residues 
obtained  at  600  °C  from  the  degradation  curves  of  P3HT and  P3HT- 
C6o  samples.  This  value  is  higher  than  expected  based  on  the  molar 
ratio  between  3-hexylthiophene  and  C6o  added  to  the  reaction 
medium  (500:1).  Considering  the  reaction  yield  (~57%),  we  can 
infer  that  a  significant  fraction  of  the  monomer  did  not  react, 
resulting  in  polymer  segments  with  small  chains  containing  larger 
amounts  of  C6o  moieties. 

GPC  analysis  was  carried  out  to  estimate  the  molar  masses  (Mw) 
of  these  materials.  It  was  found  that  the  Mw  is  2585  g  mol1  and 
820  g  mol”1  for  P3HT and  P3HT-C60,  respectively,  indicating  that  the 
samples  may  be  mainly  composed  of  small  chains.  Besides,  it  seems 
that  the  presence  of  f-C6o  in  the  reaction  medium  leads  to  the 
formation  of  a  polymer  with  lower  molar  mass,  compared  to  pristine 
P3HT  synthesized  via  the  same  route.  However,  GPC  results  must  be 
interpreted  carefully  for  two  reasons:  (i)  the  exclusion  volume  of  C60 
is  greater  than  an  equivalent  molar  mass  polystyrene  standard;  (ii) 
only  the  fraction  of  the  material  that  could  be  dispersed  in  chloro¬ 
form  and  filtered  was  analyzed  (i.e.,  the  fraction  of  the  material  with 
smaller  chains  and/or  less  concentration  of  C6o  in  the  chain).  The 
molar  masses  recently  reported  by  other  authors  for  conjugated 
polymers  covalently  linked  to  C6o  are  in  the  range  5000  g  mol”1  to 
20000  g  mol”1  [7,12,14,15,49],  These  values  are  higher  than  the  ones 
reported  here,  but  this  comparison  is  not  straightforward,  since 
most  of  the  materials  have  different  main  chain  chemical  structures. 

For  the  thermogravimetric  analysis  of  P3HT-Au  and  P3HT-C6o-Au 
samples,  the  residue  at  temperatures  higher  than  750  °C  is  expected 
to  be  composed  mostly  of  gold.  From  the  difference  between  the 
residue  contents  of  these  samples  to  those  of  P3HT  and  P3HT-C60, 
one  can  estimate  the  amount  of  gold  loaded  into  the  composites  as 
being  ~  25  wt%  for  P3HT-Au  and  ~  35  wt%  for  P3HT-C60-Au.  The 
larger  AuNPs  uptake  in  the  ternary  composite  suggests  that,  during 
the  synthesis  the  interaction  between  P3HT-C60  with  AuNPs  is 
different  from  that  of  bare  P3HT  with  AuNPs.  Possibly,  the  presence 


102 


J.N.  de  Freitas  et  al.  /  Journal  of  Power  Sources  215  (2012)  99-108 


of  C60  side  groups  in  the  copolymer  induces  steric  effects  in  the  local 
polymer  chain  region,  leaving  more  thiophene  segments  “free”  to 
interact  with  the  nanoparticles,  resulting  in  the  uptake  of  a  larger 
number  of  AuNPs.  Also,  the  presence  of  C6o  rnay  change  the  diffusion 
rate  of  the  polymeric  chains  in  the  reaction  medium. 

Fig.  1  shows  the  normalized  absorption  and  emission  spectra  of 
all  the  synthesized  materials  in  chloroform  solution.  The  main 
absorption  band  observed  at  430  nm  in  the  UV— vis  spectrum  of 
P3HT  and  P3HT-Au  samples  is  attributed  to  the  n—n*  transition  of 
the  conjugated  polymer  chain  [50],  Unlike  previous  reports  [48,51  ], 
we  did  not  observe  the  gold  surface  plasmon  resonance  signal  at 
~  530  nm  in  the  absorption  spectra  of  the  P3HT-Au  solution.  The 
lack  of  this  signal  may  be  due  to  spectral  overlap  between  the 
plasmons  and  the  polymer. 


P3HT-C60  copolymer  and  P3HT-C6o-Au  nanocomposite  show 
a  red-shift  in  the  absorption  maxima  to  442  nm.  In  principle,  this 
shift  could  be  indicative  of  a  higher  organization  (stacking)  of  P3HT 
chains,  or  due  to  a  change  in  the  polymer  conformation.  Since  the 
photoluminescence  spectra  of  these  samples  is  not  broadened  in 
comparison  to  that  of  P3HT,  the  formation  of  aggregates  is  not 
suggested.  In  the  emission  spectra,  increased  formation  of  aggre¬ 
gates  is  only  seen  for  the  P3HT-Au  material  (Fig.  lb). 

Another  characteristic  of  the  P3HT-C60  copolymer  and  the  P3HT- 
C6o-Au  nanocomposite  is  that,  despite  the  strong  extinction  coef¬ 
ficient  of  fullerenes,  only  a  discrete  shoulder  at  330-340  nm 
attributed  to  the  absorption  by  this  molecule  was  observed.  Other 
authors  have  observed  a  more  prominent  peak  for  the  absorption  of 
C6o  in  copolymers  containing  this  molecule  [7,11,12],  This  is  possibly 
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related  to  a  higher  content  of  C6o  in  those  samples,  compared  to  this 
work. 

The  P3HT-C6o-Au  nanocomposite  shows  a  broader  absorption  in 
the  wavelength  region  from  500  to  700  nm,  and  this  could  be 
indicative  of  long-range  order  of  the  polymer  chains  caused  by  self- 
assembly  of  the  polymer  on  the  nanoparticles  [52],  or  it  can  be 
related  to  the  plasmon  peak  of  AuNPs.  Interestingly,  the  comparison 
of  the  absorption  and  photoluminescence  spectra  of  P3HT-Au  and 
P3HT-C6o-Au  nanocomposites  reveals  that  these  samples  have 
different  optical  features.  Probably  these  differences  result  from  the 
plasmon  resonance  effect,  which  can  be  observed  in  the  ternary 
composite  spectra,  due  to  a  larger  concentration  of  AuNPs  in  this 
sample.  This  results  in  a  red-shift  in  the  plasmon  absorption 
wavelength  (because  the  AuNPs  are  closer  to  each  other  in  this 
sample),  which  in  turn  would  decrease  the  spectral  overlap  with 
P3HT,  leading  to  the  broad  absorption  spectra  seen  in  Fig.  la. 

Table  1  summarizes  the  maximum  absorption  and  emission 
wavelengths  observed  for  all  the  materials  investigated.  Our  find¬ 
ings  reveal  that  the  optical  characteristics  of  all  the  materials  are 
dominated  by  the  characteristics  of  P3HT,  consistent  with  the 
findings  of  other  authors  for  physical  mixtures  of  P3HT,  PCBM  and 
AuNPs  [25,26,32], 

The  presence  of  C6o  and  AuNPs  in  the  materials  was  observed  by 
XRD  analysis.  Fig.  2  shows  the  X-ray  diffractograms  of  pristine  C6o. 


Table  1 

Optical  characterization  of  synthesized  polymeric  materials:  maximum  absorption 
wavelength  (Amax.Abs)  and  maximum  emission  wavelength  (Amax,Em). 


P3HT  430  577 

P3HT-AU  430  576 

P3HT-C60  440  576 

P3HT-C60-Au  442  576 


pristine  P3HT,  the  copolymer  P3HT-C60  and  nanocomposites  P3HT- 
Au  and  P3HT-C6o-Au. 

Crystalline  C6o  powder  has  the  diffraction  pattern  displayed  in 
Fig.  2a,  where  the  reflections  of  planes  (111),  (220),  (311),  (222), 
(331),  (420),  (422)  and  (511)  can  be  seen  (JCPDS  44-0558),  corre¬ 
sponding  to  peaks  at  10.82°,  17.66°,  20.76°,  21.72°,  27.42°,  28.14°, 
30.88°  and  32.82°,  respectively. 

Pristine  P3HT  film  has  a  peak  at  5.20°,  attributed  to  an  inter¬ 
chain  lamella  peak  with  d-spacing  ~  17  A  and  a  peak  which  merges 
with  the  halo-amorphous  region  at  24.10°  (d-spacing  ~3.8  A). 
These  peaks  are  possibly  related  to  crystalline  orientations  of  the 
thiophene  units  with  respect  to  the  substrate  [53,54], 

For  P3HT-C60.  the  peaks  attributed  to  polymer  crystallites  can 
still  be  seen,  suggesting  that  the  ordering  of  polymer  chains  is 
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Fig.  2.  XRD  analysis  of  C60  (powder)  and  films  of  P3HT,  P3HT-AU,  P3HT-C60  and  P3HT- 
Cfjn-Au.  In  plot  (b)  the  lines  indicate  the  P3HT  peaks,  the  arrows  indicate  CBo  peaks  and 
*  indicates  AuNP  peaks. 
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preserved  in  this  material.  The  size  of  the  P3HT  crystallite  lamella, 
an  important  parameter  for  charge  transport,  is  little  affected  by  the 
inclusion  of  the  relatively  bulky  C6o  groups.  In  addition,  the 
fullerene  units  on  the  polymer  chain  do  not  seem  to  aggregate  into 
domains  with  a  crystal  packing  similar  to  that  observed  for  pristine 
C6o  powder,  as  most  of  the  peaks  attributed  to  C6o  are  not  observed 
in  the  copolymer  diffractogram.  The  observed  features  may  be 
related  to  the  low  content  of  C6o  in  this  copolymer. 

For  nanocomposites  P3HT-Au  and  P3HT-C6o-Au,  the  reflections 
of  the  AuNPs  are  easily  identified.  The  peaks  at  38.42°,  44.56°, 
64.82°  and  77.73  corresponding  to  face-centered  cubic  (fee )  bulk 
gold  patterns  (111),  (200),  (220)  and  (311),  respectively,  (JCPDS  04- 
0784)  indicate  the  crystalline  structure  of  AuNPs  loaded  into  the 
nanocomposites.  Also,  it  seems  that  the  presence  of  AuNPs  disrupts 
the  crystalline  phase  of  the  polymer.  These  results  are  different  to 
those  reported  by  other  authors  for  films  based  on  mixtures  of 
P3HT,  PCBM  and  AuNPs.  Topp  et  al.  [26]  observed  no  disruption  in 
the  crystalline  order  of  P3HT  even  after  addition  of  16  wt%  of  Au. 
Actually,  for  a  P3HT/PCBM/Au  film,  Conturbia  [32]  observed,  using 
atomic  force  microscopy,  the  presence  of  fibrillar  structures  and 
highly  ordered  regions.  The  anisotropy  was  more  evident  after 
addition  of  AuNPs,  suggesting  that  the  sample  was  richer  in  P3HT 
crystallites  after  incorporation  of  the  metal  nanoparticles  [54], 
Possibly  the  interaction  between  polymer  and  AuNPs  in  our 
composites  is  stronger  than  in  films  prepared  by  simple  mixtures  of 
the  isolated  components,  resulting  in  loss  of  polymer  crystallinity. 
Besides,  significant  phase  segregation  is  not  expected  in  our 
nanocomposites,  due  to  the  strong  interaction  between  the  S- 
containing  polymer  and  the  AuNPs  surface. 

The  preferential  diameter  of  the  AuNPs  was  estimated  to  be 
7.0  nm  for  P3HT-Au  sample  and  5.3  nm  for  P3HT-C6o-Au  sample, 
using  the  Scherrer’s  equation  [55]  for  the  peak  (111 ).  This  difference 
is  related  to  the  different  structures  of  the  polymers  P3HT  and 
P3HT-C60.  In  P3HT,  the  thiophene  units  are  less  accessible  to 
interact  with  growing  Au  nuclei.  In  P3HT-C60  copolymer,  the 
polymeric  chains  uncoil  due  to  steric  effect  induced  by  C6o.  leaving 
more  thiophene  units  “free”  to  interact  with  the  AuNPs.  As  a  result 
of  this  more  effective  passivation,  the  nanoparticles  growth  less 
(the  preferential  diameter  of  these  nanoparticles  is  smaller).  Zhai 
and  McCullough  [48]  reported  that  the  concentration  of  P3HT 
added  to  the  reaction  medium  influenced  the  nanoparticle  size  and 
size  distribution.  In  both  of  our  samples  the  amount  of  P3HT  added 
was  roughly  the  same,  thus  the  differences  concerning  AuNPs 
characteristics  in  the  nanocomposites  must  arise  from  the  presence 
of  C6o  in  the  reaction  medium,  which  changes  the  polymer  diffu¬ 
sion  rate  and  swelling  behavior. 

The  formation  of  AuNPs  was  also  confirmed  by  HRTEM,  as 
shown  in  Fig.  3.  The  HRTEM  images  of  P3HT-Au  and  P3HT-C6o-Au 
nanocomposites  show  that  both  samples  have  a  broad  size  distri¬ 
bution,  with  particles  diameters  varying  from  1.9  nm  to  12.5  nm. 

3.2.  Application  in  solar  cells 

Fig.  4  c  shows  the  J—V  characteristics  of  DSSCs  assembled  using 
the  nanocomposites  as  sensitizers  (deposition  by  casting  of  20  pL  of 
a  1  mg  mL-1  toluene  solution  of  each  material  on  top  of  a  nano¬ 
crystalline  Ti02  film,  followed  by  electrolyte  deposition).  Device 
configuration  and  energy  levels  of  the  components  are  also  dis¬ 
played  in  Fig.  4a, b. 

In  a  typical  DSSC,  upon  irradiation,  photoexcited  dye  molecules 
inject  electrons  into  the  Ti02  conduction  band,  which  can  be 
extracted  as  a  photocurrent.  The  circuit  is  closed  with  a  counter¬ 
electrode  and  a  hole  transport  medium  (electrolyte),  which 
replaces  the  lost  electron  (or  hole)  on  the  dye  molecule.  In  the 
approach  shown  in  Fig.  4  a,  the  polymer  acts  as  the  sensitizer,  i.e., 


absorbs  light  and  then  injects  electrons  into  the  conduction  band  of 
TiC>2.  The  electrons  are  transported  to  the  transparent  bottom 
electrode,  while  the  oxidized  polymer  is  regenerated  to  the  ground 
state  by  the  redox  mediator  (I3  /I-)  in  the  electrolyte. 

There  have  been  some  reports  using  conjugated  polymers  as 
a  sensitizer,  but  the  overall  power  conversion  efficiencies  were 
observed  to  be  low.  A  more  effective  way  to  explore  this  approach  is 
by  using  polymers  containing  carboxylic  groups  [56-59],  which 
enable  the  formation  of  chemical  bonds  with  the  TiC>2  surface 
therefore  improving  the  efficiency  of  the  charge  injection 
processes. 

In  this  work,  the  use  of  only  P3HT  as  sensitizer  did  not  lead  to 
significant  improvements  in  photocurrent  (Jsc)  or  photovoltage 
(Voc)  and  also  resulted  in  a  great  loss  of  fill  factor  (FF).  This  is  due  to 
the  fact  that  the  polymer  layer  is  only  physically  adsorbed  onto  the 
TiC>2  film,  since  P3HT  does  not  have  carboxylic  groups  to  chemically 
attach  to  the  TiC>2,  as  sensitizers  usually  do.  The  lack  of  a  chemical 
bond  prevents  efficient  charge  transfer  between  these  materials. 
Only  the  excitons  formed  near  the  interface  can  split  effectively  and 
contribute  to  current  collection.  Besides,  recombination  between 
electrons  injected  into  the  conduction  band  of  Ti02  and  holes  in 
P3HT  may  also  occur,  since  these  materials  are  in  direct  contact. 

When  P3HT-Au  is  used  as  sensitizer,  Jsc  and  Voc  are  significantly 
increased  and  this  is  possibly  related  to  the  plasmon  contribution  of 
the  AuNPs.  There  are  a  few  different  mechanisms  which  may  be 
considered  as  candidates  for  the  plasmonic  contribution  to  the 
short  circuit  current  in  a  TiC>2  based  DSSC  [40],  such  as  enhance¬ 
ment  of  the  optical  absorption  in  the  range  of  visible  light  and 
enhancement  in  charge  separation  due  to  the  electric  field. 

The  use  of  P3HT-C60  copolymer  was  also  found  to  increase  both 
Jsc  and  Voc.  In  another  study  [46],  the  addition  of  P3HT-C60 
copolymers  containing  different  concentrations  of  C60  to  the  TiC>2 
film  in  a  DSSC  was  carried  out.  The  photocurrent  and  photovoltage 
were  found  to  be  dependent  on  the  concentration  of  C60  in  the 
copolymers  and  the  sample  with  the  highest  C60  content  was  the 
one  that  gave  rise  to  the  highest  photovoltage.  The  idea  of  incor¬ 
porating  C60  at  the  Ti02/electrolyte  interface  is  based  on  the  fact 
that  layers  of  C60  can  form  a  barrier  against  electron  transfer,  as  well 
as  a  diffusion  barrier  to  the  movement  of  anions  toward  the  pho¬ 
toanode  [60],  Thus,  the  incorporation  of  a  polymer  containing  C60  in 
a  DSSC  is  expected  to  accelerate  charge  separation  and  prevent 
charge  recombination.  In  this  work,  the  improvements  observed 
using  P3HT-C60  may  be  related  to  the  increased  light-harvesting 
ability  of  this  material,  as  evidenced  in  the  absorption  spectra 
(Fig.  la). 

Interestingly,  when  P3HT-C6o-Au  is  used  as  sensitizer,  both  Jsc 
and  Voc  are  further  increased.  We  believe  this  is  a  result  of  two 
contributions:  (i)  the  light  absorption  and  exciton  generation  in  the 
polymer  that  increase  due  to  the  plasmon  effect  induced  by  the 
presence  of  AuNPs;  and  (ii)  the  presence  of  C60  in  this  layer  which 
minimizes  recombination  processes. 

A  further  investigation  was  performed  by  incorporating  the 
synthesized  nanocomposites  as  co-sensitizers  in  DSSCs,  in  combi¬ 
nation  with  the  well  known  N719  dye.  The  device  configuration, 
energy  levels  and  J—V  curves  are  shown  in  Fig.  5. 

The  use  of  conjugated  polymers  as  co-sensitizers  in  combination 
with  several  dyes  has  been  shown  previously.  In  some  cases,  the 
polymer  is  used  as  both  a  second-sensitizer  and  as  a  hole  trans¬ 
porter  material  [35,61,62],  Using  this  approach,  it  is  often  difficult  to 
determine  whether  or  not  P3HT  has  a  role  as  a  second-sensitizer 
due  to  the  overlap  of  its  absorption  band  with  that  of  primary  dyes. 
However,  a  few  advantages  are  expected  when  combining  dye 
molecules  with  polymers,  as  suggested  by  Lee  et  al.  [61  ] :  ( 1 )  the  dye 
anchored  to  the  surface  of  TiCb  can  improve  the  wetting  of  the 
oxide  surface  by  the  hydrophobic  polymer,  thus  leading  to  an 
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Fig.  3.  HRTEM  images  of  (a,b)  P3HT-AU  and  (c,d)  P3HT-C6o-Au  nanocomposites,  for  two  different  regions  of  each  sample.  The  scale  bar  indicates  20  nm  in  all  images. 


increase  in  the  interfacial  contact  area  for  charge  separation;  (2)  the 
dye  placed  between  Ti02  and  the  polymer  can  act  as  an  electronic 
mediator  to  increase  the  efficiency  of  electron  injection  under  the 
cascade  band  structures  or  it  can  separate  the  Ti02  surface  and 
P3HT  properly,  thus  preventing  direct  contact  and  thereby  sup¬ 
pressing  the  charge  recombination  between  them;  and  (3)  hole 
transfer  from  the  dye  to  the  polymer  following  excitation  of  the  dye 
should  happen,  contributing  to  the  increase  of  the  absorbed  light- 
to-current  conversion  efficiencies.  Moon  et  al.  [35]  recently  repor¬ 
ted  efficient  energy  transfer  from  the  P3HT  to  a  porphyrin  dye. 
Their  results  corroborate  the  finding  that  P3HT  can  carry  out  dual 
functions  in  DSSCs,  as  a  hole  transport  material  and  as  a  sensitizer. 
Kudo  et  al.  [36]  suggested  that  electron  transfer  from  P3HT  to  Ti02 
through  Ru-based  dyes  is  thermodynamically  allowed  because  of 
the  appropriate  gradient  of  energy  levels.  On  the  other  hand,  Zhang 
et  al.  [37]  investigated  DSSCs  containing  an  organic  indoline  dye 
and  P3HT  and  observed  that  P3HT  contributed  very  little  to  the 
photocurrent  and  acted  only  as  hole  transport  material. 


In  this  work,  the  J—V  characteristics  shown  in  Fig.  5  reveal  that 
incorporation  of  P3HT  or  P3HT-Au  as  co-sensitizers  in  combination 
with  N719  decreased  the  overall  device  performance,  due  to  the 
much  lower  photocurrent  in  these  systems  (see  Table  2).  From  the 
dark  J—V  characteristics  it  can  be  seen  that  suppression  of  dark 
current  is  enhanced  in  the  presence  of  P3FIT  and  P3HT-Au.  In  the 
device  containing  only  N719  dye,  recombination  is  higher,  as  evi¬ 
denced  by  the  increased  dark  current.  The  separation  of  the  ruthe¬ 
nium  dye  from  the  Ij/r  redox  couple  in  the  electrolyte  due  to  the 
presence  of  polymer  chains  (which  creates  a  hydrophobic  atmo¬ 
sphere,  as  shown  by  Schmidt— Mende  et  al.  [63  ]  for  long  alkyl  chains) 
act  as  barriers  for  the  recombination.  Therefore,  the  lower  charge 
extraction  (photocurrent)  observed  in  these  systems  may  result 
from  trapping  of  charges  in  the  polymeric  material  and  increased 
contact  resistance  (at  the  interface).  The  lower  Voc  observed  is 
a  consequence  of  less  charge  generation  or  flow  through  this  device. 

When  P3HT-C60  copolymer  is  used  in  combination  with  N719, 
the  device  shows  an  increase  in  photocurrent,  which  was  expected 
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Fig.  4.  Scheme  of  (a)  device  architecture,  (b)  energy  levels  of  the  components  of  the  DSSC  and  (c)  J-V  characteristics  of  dye-sensitized  solar  cells  assembled  using  (-)  P3HT,  (-□-) 
P3HT-AU,  (-O-)  P3HT-C60  and  (-A-)  P3HT-C6o-Au  as  sensitizers,  or  ( — )  without  sensitizer  (active  area  -0.15  cm2;  illumination  of  100  mW  cm'2). 


considering  the  broad  absorption  spectra  of  this  material  (Fig.  la). 
Also,  the  presence  of  C6o  was  expected  to  minimize  recombination: 
Kamat  et  al.  [43]  have  reported  that  C6o  clusters  can  act  as  an 
electron  shuttle  which  effectively  regenerates  the  sensitizer  and  at 
the  same  time  minimizes  direct  interaction  between  the  excited 
sensitizer  and  the  redox  couple  in  the  electrolyte.  This  will  reduce 
the  rate  of  the  back  electron  transfer  from  the  TiC>2  conduction  band 
to  the  IJ  ions.  This  suppression  should  lead  to  an  increase  in  Voc. 
We  did  not  observe  this  effect.  On  the  contrary,  we  observed 
a  decrease  in  Voc.  Lim  et  al.  [64]  showed  that  the  energetic  levels 
appear  to  be  favorable  for  electron  transfer  from  the  conduction 
band  of  Ti02  to  I3  ions  through  C60  (see  the  LUMO  position  in 
Fig.  5b),  facilitating  the  back  electron  transfer  and  thereby 
decreasing  the  Voc.  These  authors  also  reported  that  this  effect  was 
related  to  the  distance  of  C60  in  relation  to  TiC>2.  In  our  case,  back 
electron  transfer  to  IJ  ions  via  this  pathway  can  explain  the  lower 
Voc  observed  for  the  devices  containing  nanocomposites  as  co¬ 
sensitizers,  compared  to  the  standard  device  assembled  only  with 
N719  dye.  Indeed,  recombination  is  higher  in  the  presence  of  P3FIT- 
C60  or  P3HT-C6o-Au,  as  observed  in  the  dark  current  characteristics 
in  Fig.  5,  related  to  the  presence  of  C60  in  these  materials. 


It  is  important  to  mention  that  for  devices  assembled  with 
P3HT-C60  as  co-sensitizer  for  N719,  there  is  a  balance  between  two 
opposite  effects:  (i)  the  increase  in  Jsc  due  to  improved  light¬ 
harvesting  and  (ii)  the  decrease  in  Voc  due  to  enhanced  recombi¬ 
nation.  This  balance  actually  results  in  a  small  loss  in  the  efficiency 
of  the  device,  as  can  be  seen  in  Table  2. 

Interestingly,  the  use  of  the  P3FIT-C6o-Au  nanocomposites  again 
leads  to  a  further  increase  in  Jsc.  This  result  reaffirms  the  synergistic 
effect  that  must  exist  between  C60  and  AuNPs.  Due  to  the  enhance¬ 
ment  in  Jsc,  the  efficiency  of  the  device  containing  P3FTT-C6o-Au  as 
co-sensitizer  was  5.9%,  higher  than  the  5.2%  obtained  for  the  stan¬ 
dard  device  containing  only  the  N719  dye.  In  this  case,  the  increase  in 
Jsc  related  to  enhanced  light  absorption  and  charge  generation  (see 
the  much  broader  absorption  profile  of  this  material  in  Fig.  1  a)  is 
more  significant  than  the  decrease  observed  in  Voc  ( due  to  increased 
recombination),  resulting  in  a  more  efficient  device. 

The  exact  role  of  each  component  of  the  ternary  nanocomposite 
system  in  the  DSSC  is  not  yet  clear.  From  the  data  collected,  it  is 
evident  that  the  presence  of  both  AuNPs  and  C60  can  improve 
device  performance.  P3HT  works  as  a  matrix  for  the  other  two 
components  and  increases  material  solution  processability. 
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0.15  cm2). 


liation  (100  mW  cm-2)  of  dye-sensitized  solar 
sensitizers,  together  with  N719  (active  area  ~ 


Further  optimization  for  the  application  of  this  type  of  nano¬ 
composite  in  DSSCs  must  involve  prevention  of  Voc  loss,  while 
increasing  the  photocurrent.  It  is  also  important  to  mention  that  it 
can  be  difficult  to  get  reproducible  data  using  this  type  of  system, 
possibly  due  to  a  rather  narrow  pore  size  (less  than  20  nm)  for 
a  complete  infiltration  of  polymeric  materials.  Penetration  of 
organic  compounds  into  inorganic  mesopores  was  also  observed  in 
typical  solid-state  DSSCs  [65]  and  still  remains  one  issue  to  be 


Table  2 

Parameters  extracted  from J-V  curves  for  dye-sensitized  solar  cells  assembled  using 
the  synthesized  materials  as  sensitizer  or  co-sensitizer,  under  irradiation  of 
100  mW  cm-2  (active  area  -0.15  cm2). 


Sensitizer  Jsc/(mA  cm-2)  Voc/(V)  FF/(%)  n/(%) 


No  sensitizer  0.40 

P3HT  0.36 

P3HT-AU  0.53 

P3HT-C6o  0.59 

P3HT-C6oAu  0.62 

N719  10.64 

N719  +  P3HT  6.94 

N719  +  P3HT-AU  9.22 

N719  +  P3HT-Ceo  11.57 

N719  +  P3HT-C60Au  14.24 


0.53  61  0.13 

0.51  27  0.05 

0.56  57  0.17 

0.55  55  0.18 

0.60  59  0.22 

0.78  63  5.20 

0.69  56  2.68 

0.71  54  3.51 

0.72  59  4.90 

0.74  56  5.94 


solved  in  this  field.  The  optimization  of  the  TiC^  nanostructure 
using  approaches  such  as  tuning  the  pore  size  or  employing 
nanotube  arrays  can  be  suitable  alternatives  to  facilitate  polymer 
infiltration  and  improve  the  performance  of  solid-state  DSSCs. 

Usually,  P3HT-C6o-based  copolymers  or  composites  are  applied 
in  OSC  as  an  active  layer.  In  this  type  of  device,  P3HT  is  responsible 
for  the  transport  of  holes,  while  C6o  is  responsible  for  the  transport 
of  electrons.  The  chemical  bond  between  these  materials  is 
expected  to  minimize  problems  associated  with  phase  separation 
and  improve  the  charge  transfer  process  (injection  of  electrons 
from  the  polymer  into  the  fullerene).  Many  attempts  to  apply 
polymeric  materials  containing  P3HT  and  C6o  chemically  bonded  in 
OSC  have  been  reported  [7-9,17,66].  However,  the  efficiencies  have 
so  far  been  low,  possibly  due  to  poor  morphologies  and  accelerated 
back  reaction  or  fast  rate  of  charge  recombination,  since  electron 
donor  and  acceptor  materials  are  linked  or  in  close  contact. 

In  this  work,  the  incorporation  of  a  5  wt%  of  P3HT-C6o  copolymer 
into  a  “standard”  P3HT/PCBM  bulk  heterojunction  slightly 
increased  the  photocurrent  (see  Supporting  Information),  possibly 
associated  with  a  better  control  of  morphology.  This  reinforces  the 
belief  that  polymeric  structures  can  be  effectively  designed  to  act  as 
a  compatibilizer  in  a  “standard”  OSC  to  improve  device  character¬ 
istics,  as  recently  reported  by  Lee  et  al.  [7],  The  application  of  P3HT- 
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Au  or  P3HT-C6o-Au  nanocomposites  was  not  viable  due  to  the 
frequent  shorts  observed,  possibly  associated  with  the  large 
amount  of  gold  in  these  materials.  The  materials  were  too 
conductive,  with  less  photovoltaic  properties  and,  therefore,  the 
OSC  lost  performance.  No  benefits  from  the  addition  of  AuNPs  could 
be  seen  using  this  approach.  In  OSC,  the  use  of  small  amounts  of 
AuNPs  are  expected  to  enhance  charge  generation  (due  to  the 
plasmon  effect)  and  charge  collection  (due  to  the  alignment  of 
energy  levels  with  PEDOT:PSS  electrode). 

An  interesting  alternative  to  be  explored  in  the  future  is  the 
application  these  nanocomposites  as  replacement  for  the  liquid 
electrolyte  in  all-solid-state  DSSCs. 

4.  Conclusions 

In  this  work,  new  ternary-based  nanocomposites  consisting  of 
P3HT,  C6o  and  AuNPs  were  synthesized  via  a  simple  route:  func¬ 
tionalized  C6o  was  reacted  with  3-hexylthiophene  to  form  a  copol¬ 
ymer,  P3HT-C60,  which  was  then  used  to  stabilize  AuNPs.  For 
comparison,  a  nanocomposite  based  on  AuNPs  stabilized  with 
pristine  P3HT  was  also  prepared.  The  P3HT-C6o-Au  nanocomposite 
was  loaded  with  a  larger  amount  of  metal  nanoparticles  compared 
to  the  composite  P3HT-Au,  due  to  a  different  interaction  between 
gold  and  thiophene  units  in  these  composites.  These  samples  also 
have  different  optical  characteristics.  The  application  of  these 
materials  as  sensitizers  or  co-sensitizers  in  dye-sensitized  solar 
cells  was  found  to  be  promising,  and  the  largest  photocurrent  was 
obtained  for  the  ternary  component  nanocomposite  P3HT-C6o-Au. 
This  was  attributed  to  a  synergistic  effect  between  C6o  and  AuNPs, 
revealing  the  potential  of  exploring  this  type  of  material  for  energy 
conversion  applications. 
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